The distal region of the S. purpuratus actin CylIIb gene, between --400 and -1400 nucleotides, contains at least three distinct cisacting elements (C1R, C1L and El) which are necessary for correct expression of fusion reporter genes in transgenie sea urchin embryos. The contribution of these dements in the temporal and spatial regulation of the gene was analyzed by single and double sitedirected mutagenesis in fusion constructs which carry the bacterial chloramphenicol acetyl transferase (CAT) gene as a reporter. Following microinjection of the transgenes in sea urchin embryos, the activity of the mutants was compared to the wild type in time and space by measuring CAT activity at the blastula and pluteus embryonic stages and by in situ hybridization to the CAT mRNA at pluteus stage. Our results indicate that E1 is involved in the temporal regulation of CylHb and that all three elements are necessary and sufficient to confer aboral (dorsal) ectoderm specificity to the proximal promoter. This is achieved by suppressing the promoter's activity in all other tissues by the cooperative interaction of the cis-aeting elements. The C1R element, binding site of the nuclear receptors SpCOUP-TF and SpSHR2, is by itself sufficient to restrict expression in the ectoderm, whereas the aboral ectoderm restricted expression requires in addition the presence of both CIL and El. It is therefore evident, that the actin CylIIb gene is exclusively expressed in the aboral ectoderm by a combinatorial repression in all other cell lineages of the developing embryo.
Introduction
The actin CylIIb gene of Strongylocentrotus purpuratus (Flytzanis et al., 1989) encodes one of the five cytoskeletal actins of the sea urchin embryo Shott et al., 1984) . The CyIIIb gene is expressed only during embryonic and larval development and exclusively in the cell lineage of the aboral ectoderm (Cox et al., 1986) . CyIIIb transcripts are first detected 12 h post-fertilization and accumulate significantly at the early pluteus (prism) stage, 60--64 h postfertilization (Flytzanis et al., 1989) . Deletional analysis of the 5' regulatory region of the CyIl/b gene indicated that when bound to the E1 element. These two different complexes were also segregated in the embryonic cell lineages of the ectoderm and the meso/endoderm. These results indicated the presence of more than one protein (or forms of the same protein) that could bind the E1 element at different stages and/or cell lineages suggesting an embryonic temporal role for this factor (Niemeyer and Flytzanis, 1993) .
Footprinting and electrophoretic mobility shift assays (EMSA) using the C1 element revealed that it is a composite site, consisting of the C1L (the left half or most upstream) and the C1R (right half) elements, separated by only three nucleotides (Chart et al., 1992; Niemeyer and Flytzanis, 1993) . The C1L element is identical to the consensus binding site of the transcription factor E2F (Nevins, 1992) and is specifically recognized by sea urchin embryonic nuclear proteins. The C1R element is composed of two AGGTCA direct repeats separated by two nucleotides (DR2), which is a binding site for some members of the steroid-thyroid-retinoic acid hormone receptor superfamily (Evans, 1988; Green and Chambon, 1988) and is specifically recognized by two S. purpuratus orphan nuclear receptors, SpCOUP-TF and SpSHR2 (Chan et al., 1992; Kontrogianni-Konstantopoulos et al., 1996) .
The proximal promoter of the CylIIb gene, and the upstream sequence to position -170 (Flytzanis et al., 1989) , is extensively homologous to the promoter of its sister actin gene, CylIIa, which is linked to CylIIb Minor et al., 1987) and is expressed in the aboral ectoderm too (Cox etal., 1986) . Within the homologous proximal promoter region (part of the proximal module of CylIIa according to Kirchhamer and Davidson, 1996) of the two actin genes, there are five protein-DNA interaction sites, recognized by at least three different transcription factors, pl-F, SpGCF1 and SpOctl. Our earlier CylIIb data have shown that the proximal promoter alone, when fused to the CAT reporter gene, is active in developing embryos (Niemeyer and Flytzanis, 1993) and the recent data from the CylIIa analysis indicate that the transcription factors which bind to this proximal promoter are acting in a positive fashion (Kirchhamer and Davidson, 1996) . Furthermore, the CylIIa results indicate that the proximal promoter is sufficient for the early activation of the gene during cleavage. By analogy, these same elements which are found on the CylIIb promoter, should be sufficient for the early activation of the CylIIb gene.
By probe excess RNA titration we show that the CylIIb transcripts are first detected during cleavage, between 6 and 12 h after fertilization. We also report the role of the three upstream elements, C1L, C1R and El, in the temporal and spatial regulation of the CylIIb gene. We present evidence that the most upstream of the elements, El, is involved in both the spatial and temporal regulation of the gene and is responsible for the late induction at the pluteus stage. Furthermore, our results indicate that all three elements are necessary to confer tissue specificity to the downstream promoter and that this is achieved by repressing the promoter's activity in tissues other than the aboral ectoderm. The C 1R element is necessary for restricting expression of CylIIb to the entire ectoderm, whereas the C1L and E1 elements must both be intact for further restriction of the promoter's activity in the aboral ectoderm.
Results

Embryonic expression of the Cylllb gene
To obtain an accurate quantitative profile of the CylIIb mRNA accumulation in S. purpuratus embryos and to identify the earliest stage at which the mRNA is found at detectable levels, we performed probe excess RNA titration experiments . The results shown in Fig. 1 were obtained by titrating total RNA isolated from two different embryonic cultures. Embryos were obtained every 6 h post-fertilization initially and every 12 h at later developmental stages. As evident from these data, the CylIIb gene is most probably not transcribed during oogenesis, as no maternal RNA was detected stored in the unfertilized eggs using this very sensitive technique. The same result was obtained with another sensitive assay, RNase protection (Bogosian, 1989) . The quantitative difference between the two RNA preparations reflects individual differences in RNA levels, since each culture derived from eggs obtained by a single mother. Accumulation of mRNA in measurable levels is detected after 12 h of embryonic development. It is presumed that this is the result of regulation at the transcriptional level and that the gene is activated during cleavage sometime between Each value is the average of two titration experiments. The counts per minute of probe hybridized per/,tg of total RNA were converted to number of transcripts per embryo as described by Lee et al. (1986) . 6 and 12 h post-fertilization. This early activation has also been reported for its sister gene CyIIIa (Lee et al., 1992) , which is also expressed exclusively in the aboral ectoderm. In contrast to the CyIIIa transcripts, whose highest prevalence is at blastula, the CylIIb mRNA does not accumulate to high levels until 2 days later at the pluteus stage. This low level presence of CyIIIb transcripts throughout the early embryonic stages was previously noted using RNA blot hybridization (Flytzanis et al., 1989) . The quantitation presented herein shows an approximate four-fold higher amount of transcripts per embryo at pluteus compared to blastula stage embryos.
WT (CAT1) I
Mutations of the El, C1L and CIR upstream elements alter the spatial pattern of Cylllb expression
A series of chloramphenicol acetyi transferase (CAT) fusion constructs linked to either the wild-type (wt) or mutant CyIIIb upstream sequences have been generated. The single mutants are shown in Fig. 2 and double mutants were made by combining DNA fragments and reconstituting the fusion constructs with the mutated sites. All constructs tested include the first exon, the first intron and part of the second exon of the CyIIIb gene. Thus, the generated CAT reporter fusion protein begins with ten actin amino acids at its N-terminus. quences of the wt and mutant DNA segments which were included in the constructs are presented under the respective maps. The C1 mutant was generated by a replacement of the entire sequence of the two adjacent sites by the sequence mutC1. The other mutant constructs were generated by site-directed mutagenesis of the recognition sequences, which results in abolishment of DNA binding (Chan et al., 1992; Niemeyer and Flytzanis, 1993 ). All constructs were tested by microinjection into fertilized eggs of three sea urchin species, S. purpuratus, L. pictus and h variegatus, with similar results. Pluteus stage embryos were analyzed by whole mount in situ hybridization with the use of a CAT antisense RNA probe to detect the spatial expression patterns of the injected CAT reporter constructs. Representative L. variegatus embryos which exhibit the staining patterns obtained by the various constructs are presented in Fig. 3 . The wild type construct (CAT1) is expressed exclusively in the aboral ectoderm mimicking the endogenous CylIIb pattern of regulation (Fig. 3A) . This result shows that the S. purpuratus CylIIb upstream sequence is recognized and is subject to similar regulation in the Lytechinus spp embryos as in S. purpuratus. The single C1L mutant (CATC1L) is expressed in the aboral ectoderm and in the oral ectoderm of the transgenic embryos (Fig. 3B ). This result indicates that the factor(s) which interacts with the C1L element of the endogenous gene (and the wild type transgenes) is repressing the activity of the CylIIb promoter specifically in the oral ectoderm. The same result is obtained with the single E1 mutant (CATE1), the expression of which in addition to the aboral ectoderm has been also extended to the oral ectoderm lineage (Fig. 3D ). The double C1L/E1 mutant (CATE1C1L) shows similar expression pattern as the single mutants, i.e. the transgene shows loss of aboral ectoderm restriction and is expressed in the oral ectoderm as well (Fig. 3E) . The C1L and E1 single mutants as well as the combined double mutant lose the aboral ectoderm restrictive expression of the wild type, but are still expressed predominantly in the embryonic ectoderm and not in the mesoderm or endoderm. On the contrary, mutation of the C1R element (CATC1R) leads to expression of the transgene in all cell lineages ( Fig. 3C ) with strong preference for mesodermal (secondary mesenchyme cells) and endodermal cells (gut). The EI/C1R (CATEIC1R) double mutant is expressed similar to the C1R single mutant, i.e. in the embryonic mesoderm and endoderm with preference for gut cells at the gastrula stage (Fig. 3F) .
A tabulation of the in situ hybridization staining patterns obtained in positive embryos of L. variegatu$ (Lv) and L. pictus (Lp) is presented in Table 1 . The vast majority of embryos carrying the wild type upslream sequence (CAT1) show specific expression of the reporter gene in aboral ectoderm (85% and 86% in the two species), whereas only a few embryos had positive cells in every cell lineage, in both oral and aboral ectoderm, or were not stained at all. This result indicates that the wild type 5' regulatory region up to -2173 of the CyIIIb gene, which is used for the construction of the transgenes, is sufficient for correct spatial regulation of the CyIIIb gene in vivo. All constructs carrying single or double mutations cause specific territorial expression changes of the transgenes in the vast majority of embryos. From this analysis, it is evident that the two cis-acting elements, C1L and El, are involved in suppressing the CyIIIb expression in the oral ectoderm and that they are not redun- dant, since either mutation results in aberrant expression of the gene, but both must be present for correct expression in the aboral ectoderm. On the contrary, the single or double C1R mutants result in loss of ectodermal restriction and the transgenes are expressed predominantly in cells of the mesoderm (secondary mesenchyme) and endoderm (gut). The results from both Lytechinus species are very similar for all single and double mutants ( Table  1 ), suggesting that both species contain homologous transcription factors to the ones which regulate the CylIIb gene in S. purpuratus and that these proteins are following a similar temporal and spatial developmental program.
Temporal regulation of the Cylllb gene
Previous results using upstream deletions of CAT fusion reporter genes and site-specific mutagenesis indicated that the C1 and E1 upstream elements of the CylIIb gene are involved in quantitative regulation of this promoter (Niemeyer, 1992; Niemeyer and Flytzanis, 1993) . To study the importance of these elements in the temporal regulation of the CylIIb gene, the wild type and mutant CAT fusion constructs used for the spatial regulation experiments (Fig. 2) were injected into fertilized eggs of S.
purpuratus, L. pictus and L. variegatus. Injected embryos
were collected at blastula and pluteus stages and subjected to CAT assays. All three species produced similar results with all mutants, and so the combined results of a large number of experiments are summarized in Fig. 4. For comparison, the wild type construct CAT1 is considered to have 100% activity and all other enzymatic activities obtained by the mutant constructs are presented as relative values to the wild type. Single mutations of the E1 and C1L elements reduce the activity of the promoter by a factor of two in blastulae and somewhat less in plutei compared to the wild type, whereas the C1R mutant has no effect at either stage. The C1 double mutant shows a reduced activity by 40-50% at both blastulae and plutei, whereas the E1C1L double mutant shows a 30% reduction of activity at blastula but not a significant change at pluteus stage embryos. There is, though, a significant and consistent difference in the expression of the double E1C1 and E1C1R mutants between blastula and pluteus stage. In blastulae, each single mutation results in a decrease of CAT activity by about 40% and the double mutants show a modest 20-30% decrease. In plutei, on the contrary, the CAT activity of the two double mutants increases to twice the wild type level. This implies that the E1 element is involved in a late embryonic (pluteus) regulatory control in cooperation with the C1R element.
The expression of the double mutant transgenes in an augmented territory, i.e. elimination of the repression, explains the relative increase of CAT activity in injected embryos. We investigated the possibility that the proximal promoter elements of the gene are responsible for the measured activity or that other positive upstream elements may exist which contribute to the overall promoter strength. Earlier deletion data suggest that the proximal promoter with 270 nt of upstream sequence (missing both C1 and E1 elements) retains about 12% of wild type activity at the pluteus stage (Niemeyer and Flytzanis, 1993) . At first, it appeared that the double mutant results (E1C1 and E1C1R) and the upstream deletion results are inconsistent. To investigate this point, additional constructs were made by fusing fragments containing either the C1 or the E1 element to the proximal promoter (Fig. 5a ). The results of embryos injected with these constructs were analyzed in two different ways (Fig. 5a,b) . The wild type transgene (CAT1) shows an approximate four-fold increase between blastula and pluteus stage, mimicking the endogenous accumulation of Cylllb mRNA. If we consider the activity of the wild type promoter (CATI) as 100% at the pluteus stage, then the deletion to -270 (CATB), which eliminates both C1 and E1 upstream elements, results in about five-fold decrease at blastula and eight-fold decrease at pluteus stage (Fig. 5a ). The proximal promoter is more active at pluteus than blastula stage embryos by 2.5-fold and since the CAT activity is calculated on per embryo basis, it is possible that the increase in the number of expressing embryonic cells from blastula to pluteus could account for the difference. This also points out that the proximal promoter by itself is not sufficient for the late pluteus induction. Addition of the C1-containing region to the promoter (CATBC) results in a two-fold increase of activity at both stages and thus the ratio between blastula and pluteus expression remains the same. This result indicates also that the C1 region is not involved in temporal regulation of the CyIIIb gene. The two elements which comprise the C1 region (C1L and C1R) act as spatial suppressors within the context of the entire upstream region since, when mutated, transgene expression is possible in an extended territory. When the same elements, though, are added to the proximal promoter they seem to act in a positive way (Fig. 5a ). The two-fold difference in CATBC activity between blastula and pluteus stage is probably due to the cell number increase as mentioned for the wild type. On the contrary, addition of the El-containing region to the promoter (CATBE) does not influence the activity at blastula, but results in a large increase at pluteus stage. This increase cannot be explained by the difference in the number of expressing cells between the two stages, as graphically presented in Fig. 5b . Here the same data as in Fig. 5a are presented by considering the activity of the promoter (CATB) as 100% at either stage. This result is also supportive of the late embryonic positive role that the E1 element plays and suggests that the three elements in cooperation with the proximal promoter are sufficient for the temporal and quantitative expression of the CylIIb gene in addition to the spatial regulation.
Discussion
Embryonic expression o f the Cylllb gene
The probe excess RNA titration results confirm our earlier observations that the CyIIIb actin is a strictly embryonic gene, producing no maternal mRNA, and that it is activated during the time of embryonic development when the precursor cells of the aboral ectoderm segregate. In this respect, the CyIIIb gene is both in time and space coordinately regulated with its sister gene, CyIIIa. Contrary to CyIIIa though, the majority of CyIIlb transcripts do not accumulate soon after activation at the blastula stage, but rather 2 days later at pluteus. This temporal expression difference, the result of the different regulatory elements used by the two genes, indicates perhaps the way by which the embryo ensures the necessary actin levels in the aboral ectoderm cells of late embryonic and larval stages.
Spatial regulation of the Cylllb gene in aboral ectoderm
Analysis of mutated regulatory regions fused to reporter genes, by whole mount in situ hybridization to injected embryos, is a powerful technique to unravel the spatial function of cis-acting elements (Wang et al., 1995) . Detection of transcripts in a fraction of embryonic cells within each cell lineage results from the late integration, a few cell divisions after fertilization, of injected DNA into the genome. Previous studies have confirmed that the embryos injected with DNA constructs are mosaic and once the exogenous DNAs are integrated, they are stable throughout early embryogenesis and larval stages to adulthood . Analysis of a large number of injected embryos for each mutant, as in the present study, avoids possible problems created by the mosaism of integration. All mutant constructs were injected in three different sea urchin species (S. purpuratus, L. pictus and L. variegatus) with similar results. This suggests that the transcription factors involved in the regulation of the CylIIb gene are common in the three sea urchin species and perhaps expressed similarly in time and space. Fang and Brandhorst (1996) showed that the Lytechinus pictus actin gene, LpC2, is homologous to CylIIb and predominantly expressed in the aboral ectoderm. The LpC2 expression pattern is not identical to the S. purpuratus aboral ectoderm actin genes, CylIIa and CylIIb, suggesting perhaps a divergent regulatory mechanism that employs a different set of proteins.
The two elements, E1 and C1L, are both necessary for oral ectoderm repression, perhaps functioning at different developmental stages, the C1L early and the E1 later. The E1 and C1L double mutant, CATE1C1L, is expressed in the same expanded territory as each single mutant, suggesting that the effects of El and C1L elements are independent and yet both essential for the repression of CylIIb gene in oral ectoderm. The C1R element is necessary for repression of the CylIIb promoter in meso/endodermal cells. The C1R element is the binding site for SpCOUP-TF (Chan et al., 1992) and SpSHR2 (KontrogianniKonstantopoulos et al., 1996) . The SpCOUP-TF mRNA is detected by in situ hybridization exclusively in the ciliated band at pluteus stage (Vlahou et al., 1996) . The SpCOUP-TF receptor is also found exclusively at the ciliated band (Vlahou and Flytzanis, unpublished) , which makes it unlikely that the suppression of the CylIIb promoter in meso-endodermal derivatives can be attributed to the interaction between SpCOUP-TF and the C 1R element. Of course, the lack of CylIIb expression in the ciliated band could be the result of the SpCOUP-TF repression. Such repressor activity has been reported for COUPTFs in other systems too (Cooney et al., 1992; Tran et al., 1992) . Since the C 1R mutation releases the suppression in seemingly all cell lineages, additional negative interactions between the C1R element and other nuclear proteins (such as other receptors with similar binding sites) must take place in the nuclei of cells beyond the ciliated band. One such transcription factor is maybe the nuclear receptor SpSHR2, which binds specifically to the C1R element (Kontrogianni-Konstantopoulos et al., 1996) and is present in all cells of the pluteus stage embryo (KontrogianniKonstantopoulos and Flytzanis, unpublished data). The fact that the C1R mutation caused a dramatic decrease in expression of the reporter gene in the ectoderm (Table 1 ) indicates that the interaction between the C1R element and other transcription factors may also be important in a positive way within the aboral ectoderm territory.
Based on the above data, the following conclusions can be made. (1) The 5' regulatory region up to -2173 bp is necessary and sufficient for the normal spatial expression pattern of the CylIIb gene. (2) All three elements El, C1L and C1R are essential for the exclusive expression of the CylIIb gene in aboral ectoderm. Mutation of any one element will alter the normal expression pattern. (3) The interactions between the C1L or the E1 element and their cognate binding protein(s) ensure that the expression of CylIIb gene is restricted to aboral ectoderm by inhibiting its expression in oral ectoderm. (4) The interaction between C1R and its binding protein(s) has dual effects. On the one hand, the interaction prevents CylIIb gene from expression in meso/endoderm cells. On the other hand, this interaction is essential for the CylIIb gene expression in aboral ectoderm. (5) The combined interactions among the three elements and their binding proteins provide a mechanism that ensures expression of the CylIIb gene exclusively to aboral ectoderm. Therefore, the spatial regulation of the CylIIb actin gene in S. purpuratus embryos takes place by a combinatorial repression in all cell lineages other than the aboral ectoderm.
Temporal regulation of the Cylllb gene
The quantitative changes in activity that we measure for the mutants of the CylIIb upstream region are considered with at least three parameters in mind. First, the mutations, as shown by the in situ hybridization experiments, result in expression of the promoter in different cell lineages of the embryo. Second, during the developmental period tested, i.e. from blastulae to plutei, the number of embryonic cells descending from these lineages increase. Third, the transcription factors which interact with the three elements, C1L, C1R and El, may be modified as development proceeds from blastula to pluteus stage and/ or exhibit restrictive temporal and spatial expression pat- tern themselves. Earlier results suggest that the E1 binding proteins are different in blastula versus pluteus embryonic nuclear extracts as well as between ectodermal and meso/endodermal cells (Niemeyer and Flytzanis, 1993) . Furthermore, the two nuclear receptors which bind the C1R element, SpCOUP-TF and SpSHR2, show different spatial expression patterns in development (Vlahou et al., 1996; Kontrogianni-Konstantopoulos et al., 1996) . Considering the above, it is not surprising that the single site-specific mutations do not result in dramatic changes in activity levels during development. It is clear that all elements interact with the proximal promoter to give the final level of CyIIIb activity at the different stages. This is most evident with the E1C1R double mutant which results in increased expression in plutei, a result which strongly indicates that the Elbinding protein(s) is solely responsible for the late embryonic increased expression. Other than the proximal promoter's positive elements, we did not identify additional positive sites in the upstream CyIIIb sequence. The interactions between El, C1L and C1R seem sufficient to provide for correct levels of expression in time within the aboral ectoderm territory. This is further demonstrated by the results of the addition of the upstream elements to the proximal promoter. It is possible, though, that another as yet unidentified element is providing additional positive influence to the proximal promoter, located either in the upstream or the downstream region of the transcription initiation site (indicated with a box in Fig. 6 ). The initial activation at the early cleavage stages is presumably provided by the proximal promoter.
Based on these results, a graphic summary of the CyIIIb regulation is presented in Fig. 6 . All three elements, El, C1L and CIR, exert their effect to assure exclusive expression of CyIIIb in the pluteus aboral ectoderm. The interaction between CIR and its binding prorein has dual effects, as discussed above. It facilitates CylIIb expression in aboral ectoderm and inhibits expression in mesoderm and endoderm. Interactions between E1 or C1L element and their binding proteins prohibit CyIIIb gene from expression in oral ectoderm. The combined E1/C1R function is essential for late embryonic expression (pluteus stage) in the aboral ectoderm. Whether Eland C1L-mediated interactions play any additional positive roles in CyIIlb expression in aboral ectoderm is not clear. There are several hypotheses to explain how the expression of CyIIIb gene is inhibited in oral ectoderm and not in aboral ectoderm. (i) The inhibitory binding proteins for E1 and C1L elements may be present only in oral ectoderm and other positive factors may be responsible for the CyIIIb expression in aboral ectoderm. (ii) The binding proteins for E1 or C1L element may undergo different post-translational modifications, which can be stimulatory in aboral ectoderm and inhibitory in oral ectoderm. (iii) The availability of auxiliary transcription factors in each embryonic territory may determine the final effect of El-, C1L-and C1R-mediated interaction on the activity of the CyIIIb promoter. Distal elements such as the C1L, C1R and E1 must influence the activity of the CylIIb promoter by coming to a close proximity, either by direct interaction of the binding proteins to the transcriptional machinery, or by other proteins that may hold them together. Such proteins may have affinity for the transcription factors bound to C1L, C1R and El, or may bind to other sites on the DNA and facilitate its looping. A potential candidate for this function could be SpGCFI for which at least two binding sites exist in the proximal promoter of the CylIIb gene and which was recently shown to facilitate looping of the upstream region of the CylIIa gene in vitro (Zeller et al., 1995) .
Embryonic regulation of cell lineage-specific genes
Finally, we consider the regulation of the other aboral ectoderm-specific genes, Spec2a and the actin CylIIa. Concerning the Spec2a gene regulation, cis-acting elements distinct from the CylIIb and CylIIa ones are grouped in two distal regions and present combined positive and negative spatial information to the proximal promoter to assure exclusive expression in the aboral ectoderm (Mao et al., 1994) . Kirchhamer and Davidson (1996) have recently shown that a modular regulatory mechanism is acting in time and space to control CylIIa expression in S. purpuratus embryos. The CylIIb gene, a product of a recent duplication from a common CylII ancestor (Flytzanis et al., 1989) , has a completely different regulatory upstream region, save the identical proximal promoter. Distal binding regulatory proteins are not shared between the two genes, although the end result is early activation and expression in the same cell lineage. The CyIIIb proximal promoter does not contain the spatial negative regulator of CylIIa, SpP3A2 (Calzone et al., 1991) , because the homology between the two upstream sequences ends just a few nucleotides before this site. The early spatial negative function (in all precursor lineages except the aboral ectoderm) for the CylIIb gene might be provided by SpCOUP-TF, which is stored in the egg as a maternal protein (Vlahou and Flytzanis, unpublished observations) , or SpSHR2 which is synthesized from the stored maternal RNA. It is interesting to note that although the identity of the individual transcription factors involved in the expression of the two aboral ectoderm actin genes differs, the overall mode of embryonic regulation is similar in that negative cis-acting elements in the upstream sequence of both genes are responsible for the restrictive spatial expression and that the fine tuning in time and space of all upstream elements contributes to the correct end result.
Experimental procedures
Animals and embryos
Strongylocentrotus purpuratus and Lytechinus pictus
were purchased from Marinus, Inc. (Long Beach, CA) and Lytechinus variegatus were purchased from Ms. Susan Decker (Florida) during their season and kept in our marine aquarium until spawning. Embryonic cultures of injected and control embryos were set up as previously described .
Probe excess titration of total RNA
Total embryo RNA from different developmental stages was extracted by the urea-proteinase K method as described by Posakony et al. (1983) . To obtain a CylIIbspecific probe, a plasmid clone containing a fragment of the CylIIb 3' trailer sequence, bsC2, was generated in the bluescript vector. Using T7 RNA polymerase and linearized bsC2 template a 371 nucleotide antisense RNA probe was generated. This fragment exhibits the least homology with the CylIIa 3' trailer sequence and under the conditions used herein, no cross-reactivity with the CylIIa transcripts was detected (Bogosian, 1989) . The procedure for the probe excess titration and the analysis of the data was performed as described by Lee et al. (1986) .
CAT constructs
All the CAT constructs used in this study were derived from two previously described CAT constructs, CylIIbCATC1 and CylIIbCATE1, which were based on the wild type CylIIbCATI (Fig. 1 ) (see also Niemeyer, 1992; Xu, 1995) . The CylIIbCAT1 was constructed by linking a CAT coding region and a SV40 poly(A) site downstream to the second exon of CylIIb gene, which contained the 5' regulatory region up to -2173 bp as well as the first exon and first intron of the gene. The CylIIbCATC1 was derived from the CylIIbCAT1, by replacing with site-specific mutagenesis the C1 element with an unrelated 26 bp sequence (Fig. 1) . As a result of this replacement, three novel restriction enzyme sites, PstI, EcoRI and PstI, were introduced in the mutated C I region. For the CylIIbCATE1, several nucleotides in the E1 element were mutated, resulting in a novel DraI site (Fig. 1) . Neither the mutated El nor the mutated C1 element can interact with their binding protein(s) from sea urchin embryonic extracts (Niemeyer, 1992) . To create the CAT constructs with specific deletions of C 1L or C 1R elements, double-stranded oligonucleotides with either the intact C1L or C1R element, flanked by PstI sites, were synthesized and inserted into the PstI site in place of the deleted C1 region of the CylIIbCATC1 or of the double mutant CylIIbCATE 1C 1 (Fig. 1) . The proximal promoter construct, CATB, was made by deleting a 1900 nt HindlII-BstEII fragment from the wild type CAT1. This deletion removed the upstream CylIIb sequences to position -270. CATBC and CATBE were made by ligating the fragments containing the CI and E1 elements (Nie-meyer and Flytzanis, 1993) to the construct CATB. All the CAT constructs were confirmed by DNA sequencing and restriction enzyme digestion mapping (not shown).
Microinjection
The method was essentially described by . Briefly, the microinjection solution consisted of KpnI-linearized CAT constructs and KpnI-digested sea urchin genomic DNA in 40% glycerol. One thousand molecules of each plasmid DNA and 3000 molecules of genomic DNA (with an average length of 5 kb) were ineluded in each picoliter of injection solution. The mixtures were purified through a 0.45/~m HPLC filter unit (Millipore). The eggs were injected with the DNA constructs immediately after fertilization.
CAT assays
The injected sea urchin eggs were allowed to develop at the optimal temperature for each species. Only the normal developing embryos were collected at blastula and pluteus stage. CAT assays in extracts of injected embryos were performed as previously described (Flytzanis et al., 1987) . The CAT activity was calculated by counting the acetylated and non-acetylated chloramphenicol on a Beta Scope 603 (Betagen). The CAT activity per embryo was the calculated CAT activity divided by the number of embryos. The net CAT activity per embryo was the result of CAT activity per embryo minus the background, which was the CAT activity per uninjected embryo. For the convenience of comparison, the CAT1 (wild type) activity per embryo was set at 100, while the CAT activities per embryo for other constructs were converted to the scale accordingly.
Whole mount in situ hybridization
The method used was a modification of the protocol of Harkey et. al. (1992) . All procedures were performed in 96-well flexible plates (Falcon) under a stereo microscope, following a suggestion from Drs. Kirchhamer and Davidson. The riboprobes were labeled with digoxygenin-UTP by in vitro transcription with SP6 RNA polymerase. CAT sense and anti-sense probes were transcribed from SacI-linearized P64 CAT and SalI-linearized P65 CAT, respectively (Flytzanis et. al., 1987) . Collected embryos were fixed overnight at 4°C in 2.5% glutaraldehyde, 0.14 M NaCI, 0.2 M phosphate buffer (PB), then rinsed with 3 M NaCI, 0.5 M PB and dehydrated stepwise in 20%, 35%, 50%, and 70% ethanol. Embryos were rehydrated before use stepwise in 50%, 35%, 10% ethanol, followed by two washes in PBST (0.5 M NaCI, 0.2 M PB, 0.1% Tween-20). Embryos were digested in PBST with Proteinase K (20btg/ml) for 5 min at room temperature (RT) and stopped with PBST plus glycine (2 mg/ml). After two washes with PBST they were fixed again in PBST plus 4% paraformaldehyde for 30 min on ice, and rinsed twice with PBST. Hybridization buffer (50% formamide, 10% PEG, 0.6M NaCI, 5 mM EDTA, 20mM "Iris, 500/~g/ml yeast tRNA, 2 x Denhards, 0.1% Tween-20) was added sequentially in concentrations of 25%, 50%, 75% and 100%, followed by incubation for several hours at 50°C. Fresh hybridization buffer containing a specific riboprobe was added to the embryos and incubated at 50°C for 14-16 h. After hybridization, the buffer in the wells was diluted by adding drops of PBST and then the embryos were washed twice with 100% PBST for 20 min at 50°C, three times with 0.5 x SSC for 30 min at 60°C and finally once with PBST at RT. The embryos were then incubated in blocking solution (PBST with 4% sheep serum) for 30 min at RT, and overnight in blocking solution containing anti-digoxygenin Ab (1:500) at RT. Next, the embryos were washed twice in PBST, once in AP solution (pH 8.0) (100 mM "Iris, 100 mM NaC1, 50 mM MgCI2) and once in AP solution (pH 9.5). Staining was performed in AP solution (pH 9.5), with the use of the Bio-Rad kit for color development. The reaction was stopped with PBSTE (PBST plus 1 mM EDTA) and then the embryos were sequentially dehydrated in 35%, 50%, 70%, 90% and 100% ethanol and suspended in Terpinol for storage. Finally, the embryos were mounted on microscope slides for observation and photography.
